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Laser-accelerated  targets  have  been  predicted  to  be  subject  to  the  Rayleigh-Taylor  hydrodynamic 
instability.  The  development  of  the  instability  was  studied  by  introducing  mam  thickness  variations  in  foil 
targets  and  observing  the  development  of  the  target  nonuniformities  by  side-on  flash  x  radiography. 
Observations  were  made  of  target  structures  and  mass  redistribution  effects  which  resemble  Rayleigh- 
Taylor  bubbles  and  spikes,  including  not  only  advanced  broadening  of  the  spike  tips  on  the  laser- 
irradiated  side  of  the  foil  but  also  projections  of  mass  on  the  unirradiated  side.  The  observations  compare 
well  with  numerical  simulations. 
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SSCUNITV  CLASSIFICATION  OF  THIS  FAOS 


OBSERVATION  OF  RAYLEIGH-TAYLOR-LIKE  STRUCTURES 
IN  A  LASER-ACCELERATED  FOIL 


~  The  Rayteigb-Taytor1  (RT)  hydrodynamic  instability  can  arise  when  a  Quid  of  lower  density 

accelerates  a  fluid  layer  of  a  higher  density.  The  RT  instability  causes  ripples  at  the  interface  between 
\  the  fluids  to  grow  in  amplitude  until  the  fluids  interpenetrate  each  other  as  bubbles  (of  the  lowerden- 

sity  fluid)  and  spikes  (of  the  higher  density  fluid),  which  can  eventually  shred  the  interface.  The  spikes 
grow  as  dense  protrusions  into  the  lighter  material,  locally  increasing  the  mass  thickness  normal  to  the 
original  interface.  In  the  nonlinear  regime,  the  spike-tips  can  develop  a  mushroom  shape  similar  to  a 
Kelvin-Helmholtz3  rollup.3  In  addition,  the  confluence  of  mass  into  the  spike  can  result  in  protrusions 
on  the  rear  of  die  denser  layer.4  Using  x  radiography,  we  have  obtained  dm  first  images  of  a  laser- 
accelerated  foil  showing  structures  which  resemble  these  Rayleigh-Taylor  signatures.  Such  phenomena 
are  of  concern  to  inertial  confinement  fusion,1'5  since  implosion  symmetry  and  fuel  integrity  may  be 
spoiled  by  the  RT  instability. 

Previous  experiments  with  laser-accelerated  targets  without  intentional  target  nonuniformities 
yielded  no  observable  RT  growth.4  The  first  use  of  rippled  and  bar  targets  showed  growth  of  initial  per¬ 
turbations,  although  the  mechanisms  remained  in  question.7  Measured  growth  rates  of  mass  modula¬ 
tions  developing  in  corrugated  foils,  examined  by  streaked  x  radiography  viewing  normal  to  the  foil, 
were  in  agreement  with  RT  numerical  simulations.1  A  face-on  flash  x-radiographic  technique’  using  bar 
targets  has  recently  shown  evidence  for  RT  growth. 

In  this  work,  planar  foils  were  also  structured  periodically  in  mam  thickness,  in  order  to  initiate 
the  hydrodynamic  instabilities  with  a  predetermined  wavelength.  The  spatial  wavelength  X  and  thick¬ 
ness  of  the  mam  modulations  warn  varied.  The  targets  were  made  of  plastic  (1.0  g/cm3),  having  rec¬ 
tangular  bars  of  length  £,  of  width  X/2  and  asperated  by  X/2,  placed  on  the  rear  (nonirradiated)  side  of 
a  base  foil  See  Pig.  1.  The  foils  ware  irradiated  at  5  x  1012  W/cm2  (computed  from  the  temporal 
FWHM  and  the  90%  energy  contour  of  an  equivalent  focus)  in  the  quasi-near  field  of  a  single  driver 
beam  of  the  Pharoa  n  Nd:  glam  laser  operating  at  1.0S  pm  wavelength  in  a  4  ns  pulse.  The  focal  diam¬ 
eter  was  650  pm.  The  bar  length  L  for  backlighting  was  400  pm,  i.e.,  lam  than  the  focal  diameter. 
The  laser's  second  beam  was  shortened  to  —300  ps  and  directed  onto  an  adiacent  A1  target  at  45* 
incidence  to  produce  a  flash  backlighting  source  of  1.6  ksV  x  rays10  delayed  —6  ns  after  the  peak  of  the 
driver  pulse.  A  pinhole  array  imaged  the  x-ray  source  and  also  viewed  parallel  to  the  bars  on  the  foil  to 
produce  x  radiographs  at  a  magnification  of  3.0;  resolution  was  10  pm,  i.e.,  measurements  are  —  ±5 
4?  pm.  Another  pinhole  camera,  behind  and  20*  from  the  target  normal,  recorded  the  self-emission  of 

the  accelerated  foil  and  verified  alignment  of  the  bars. 

^  Pyremstric  Mackbody  brightness  measurements11  of  the  rear  of  the  targets  gave  temperatures  of 

only  4.5  ±  1.  eV,  regardless  of  target  structure  (unperturbed  or  X  -  8,  25,  or  50  pm)  on  nonbacklight- 
ing  shots,  as  well  m  on  two  backlighting  shots.  Thus,  the  becklighter  did  not  appreciably  heat  the 
driven  foil  Rear  pinhole  images  and  laaer  focal  diagnostics  showed  circular  fringes  in  the  incident 
beam  mid  also  a  pattern  of  40-50  pm  bonds  parallel  to  the  bars  in  perturbed  targets.  The  effects  of  this 
laaer  nonuniformhy  are  obeervabie  in  the  original  x  radiograph  of  an  accelerated  unperturbed  target  as  a 
gentle  modulation  in  the  accelerated  target  (Fig.  2b). 
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accelerated  foil  uaiag  a  pinhok  array  (PA)  to 
ima«o  onto  a  Aim  pock  (FP). 


it»M  ttmtt  were  accelerated  under  the  tame  illumination  conditions.  For  these  targets,  the 
tones  was  9.7  Mm,  i.e.,  about  five  ablation  depths.12  The  bar  thickness  was  systematically 
t  tn  2.7  pm,  hut  aH  had  X  ■»  50  pm.  A  modulation  of  50  pm  periodicity  is  observed  in  the  x 
|fc  if  an  aectoaled  foil  with  0.5  pm  thick  ban  (Fig.  2c),  for  an  impressed  thickness  ratio  of 
((9.7  +  <X5)/9.7).  Darker  regions  correspond  to  higher  x-ray  absorption  and  higher  areal  mass 
Far  an  increaoed  thickness  ratio  of  1.15  the  striations  of  higher  ami  lower  density  regions  are 
icentuaied  CHg.  2d).  The  mean  target  displacement  was  about  140  pm,  with  dense  material 
it  rearward  as  far  as  200  pm.  Larger  displacements  (accelerations)  off  the  axis  of  the  focus 
obi  n  iTifitiitr  rvpoQ  oi  mcroMoo  tDCtocni  imai&nce. 


hi  a  radiograph  of  to  annular  region  at  the  still  greater  thickness  ratio  of  1.3,  the  tips  of  the 
denser  structures  become  pronounced  mid  me  seen  to  extend  from  the  accelerated  region  of  the  foil 
proper,  hack  toward  to  h uer.  In  Fig.  3,  we  compare  the  experimental  radiograph  (Fig.  3a)  with 
numerical  simulation  results.  Note  especially  the  identifications  of  the  spike  and  bubble  regions.  The 
projection  of  donee  mam  protrusions  back  toward  the  laser  (downward  in  fig.  3)  is  characteristic  of 
spikes  in  to  RayMgb-Taylor  instability.  In  Fig.  3a,  a  bridge,  at  least  3  times  thinner  than  the  80  pm 
±5  pm  axial  extant  of  the  accelerated  unperturbed  target,  appears  to  connect  neighboring  spikes.  The 
spins  extend  about  60  pm  ±5  pm  to  the  front  (toward  laser)  of  this  bridge.  Smaller  projections  of 
mam  are  rise  observed  to  to  rear  of  each  strike.  Photometric  measurements  of  x-ray  intensities10  in 
to  imagm  of  to  to  tipe  and  to  intervening  bubble  regions  were  made  with  calibrated  photographic 
efflokkn.11  Seif  onto ion  of  to  foil  was  negligible.  Converting  these  measurements  to  average  mam 
thicknesses  m  in  Ref.  10  yields  densities  at  least  0.10  of  solid  in  the  spikes,  assuming  an  x-ray  path 
length  equal  to  to  bar  length.  Bubble  densities  are  smaller  than  spike  densities  by  factors  of  2.5-4. 
Accounting  far  to  preeenca  in  to  x-ray  petti  of  to  target  material  at  to  rim  of  the  focal  spot,  would 
tacmarn  this  factor.  The  overaB  axial  extant,  from  tip  to  rear  of  to  target  shadow,  is  about  105  Mm, 
which  is  greater  than  to  unperturbed  target  (80  pm  ±5  Mm).  Them  modulations  in  mam  density,  and 
to  tomam  of  to  bridge  region,  htdimta  tot  mass  redistribution  hat  taken  place  leaving  bubble 
vohmam  deficient  in  mam.  The  projected  radiographic  image  of  to  spike  tips  also  appears  to  exhibit 
advanced  lateral  broadening,  indicative  of  to  nonlinear  stage  of  the  RT  instability.1415  These  highly 
developed  features  are  compared  below  with  numerical  simulation. 


The  evolution  of  e  perturbed  target  under  conditions  similar  to  those  of  the  experiment  was 
modalad  suing  the  FAST2D3- 14  laser-shell  simulation  code.  For  the  numerical  run  shown  in  Fig.  3c, 
to  bridal  target  mam  was  structured  to  same  as  to  experimental  target  of  Fig.  3a,  while  the  incident 
laser  iataueity  was  8  x  10u  W/em2  in  a  -  5  ns  FWHM  pulse.  The  average  final  target  velocity 
was  3.8  x  1@*  cm/a  and  to  total  distance  pushed  (measured  in  the  bridge  connecting  the  spikes  at 
5  as)  was  180  Mm.  Rear  surface  temperatures  were  4-6  eV  at  r^.  The  most  unstable  mode, 
X  50  pm  »  2 w/k,  follows  an  initial  phase  of  amplitude  decay  while  the  flow  patterns  evolve  into  an 
efpmxnoda,  ton  grows  exponentially  by  mam  redistribution  until  kA  =  l^after  which  the  amplitude  A 
o t  to  penurkmien  grows  at  the  slower  free-fall  rate,14  LA  -  1/2 g(Ar)2,  with  g  -  l^Mm/ns2. 


The  exponential  growth  rate  was  measured  numerically  to  be  7  x  10*  a"1,  which  is  about  1.5  times 
msaler  than  to  Mnsnr  rtmical  value,  hi  good  agreement  with  the  linear  growth  rates  of  long 
wavelength  sinusoidal  perturbations  for  constant  laser  intensity.14  There  were  3  e-foldings  of  exponen¬ 
tial  growth  above  to  minimum  amplitude.  The  spike-bubble  amplitude  (on  the  30%  density  contour)  at 
rM*  65  Mm  (Fig.  3c),  which  compares  favorably  with  experimental  observation  (60  pm  ±5pm). 

An  experimental  growth  factor  of  22  -  (60  pm/2.1  pm),  over  a  growth  time  of  no  more  than 
tm,  4-  tim,,  implies  an  exponential  growth  rate  greater  than  ymin  -  In  (22)  +  10  ns  -  3  x  10*  s'1. 
Accounting  for  initial  or  free-fall  phases  of  evolution  would  give  larger  growth  rates.  Final  amplitude 
may  be  compered  to  a  simple  model  in  which  exponential  growth  proceeds  at  the  linear  classical  rate, 
and  hi  which  to  into]  phase,  the  free-fall  rate,  and  the  amplitude  of  transition  to  free-fall,  are  as 
sfamrieted  numerically:  the  calculated  final  amplitude  is  greater  than  that  observed  by  a  factor  of  1.5. 


The  nonlinear  Kelvin-Helmholtz-like  spike- tip  broadening14, 15  is  clearly  evident  in  Fig.  3c.  The 
vortidty  generated  by  the  non-collinear  nature  of  the  density  and  pressure  profiles  collects  behind  the 
heads  of  the  spikes  causing  the  spike  tips  to  widen.  This  effect  becomes  appreciable  when  the  ampli¬ 
tude  of  the  perturbation  is  about  half  the  wavelength  of  the  perturbation.14  The  20%  density  contour  at 
the  rear  of  the  target.  Figs.  3b  and  3c,  delineates  rearside  mass  projections  similar  to  those  found  exper¬ 
imentally.  These  projections  in  the  simulation  are  due  to  the  collision  of  man  flowing  from  adjacent 
(rabble  regions  into  an  intermediate  spike,  resulting  not  only  in  spike  growth  but  also  in  a  rearward  jet¬ 
ting.4 


Several  mechanisms  other  than  RT  were  considered:  differences  in  acceleration  for  thicker  and 
thinner  portions  of  bar  targets;  preferential  thermal  broadening  of  the  spike  tips;  and  various  geometric 
mechanisms  such  as  viewing  parallax,  etc.  From  the  combination  of  the  observed  structures  and  simu¬ 
lation  results  on  temperature  contours,  the  most  likely  explanation  for  the  structures  in  the  radiographs 
remains  hydrodynamic  instability. 

In  summary,  several  basic  features  of  the  advanced  development  of  the  RT  hydrodynamic  insta¬ 
bility  have  been  identified  in  the  numerical  results  and  compared  with  experimental  observations.  The 
observations  are  consistent  with  mass  redistribution  into  a  high  density  mike  and  a  mass-deficient  bub¬ 
ble,  with  broadening  of  the  spike  tips.  Moreover,  rearside  projections  were  observed  experimentally 
and  interpreted  with  the  numerical  simulation  results.  Mass  redistribution  processes  such  as  those 
observed  could  significantly  affect  inertial  fusion  pellet  performance.  Extensive  further  experimental 
work  is  needed  to  relate  these  hydrodynamic  phenomena  to  laser  fusion  reactor  scenarios. 
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